VacA is a secreted toxin that plays a role in Helicobacter pylori colonization of the stomach and that contributes to the pathogenesis of peptic ulcer disease. Studies of VacA structure and function have been hindered by the lack of an efficient system for expression and genetic manipulation of this toxin. In this study, we developed methodology for expression of a functionally active VacA toxin in Escherichia coli. We then used a highthroughput screen to analyze a library of mutant toxins with pentapeptide insertions and identified six mutants that lacked the capacity to induce vacuolation of HeLa cells. The capacity to analyze VacA in this heterologousexpression system should greatly facilitate efforts to elucidate the structure and function of this toxin.
Colonization of the human stomach by Helicobacter pylori is associated with chronic gastritis and an increased risk of peptic ulceration and gastric cancer (4, 24) . Numerous studies suggest that the vacuolating cytotoxin VacA is an important virulence factor secreted by H. pylori (1, 2, 20, 21, 23) . When VacA is added to cultured cells, the most evident activity of the toxin is the induction of large cytoplasmic vacuoles (5, 16) . VacA also has been reported to exhibit a number of other activities, including the formation of anion-selective channels, interference with antigen presentation, and induction of apoptosis (2, 20, 23) . The mechanism of VacA activity is not yet completely understood.
Studies of VacA structure and function have been hampered by the lack of an efficient system for expression and genetic manipulation of this toxin. Previous attempts to express an active full-length VacA toxin in Escherichia coli have been unsuccessful (15, 17, 26, 27) . Active toxin can be purified in small quantities from H. pylori broth culture supernatants (5, 17) , and methodology for allelic-exchange mutagenesis of the H. pylori chromosomal vacA gene is available (3, 18, 25) . However, this methodology is cumbersome, and mutagenesis of the portion of vacA encoding the carboxyl-terminal end of the mature toxin has been problematic due to a requirement for this region for proper toxin folding or secretion (25; M. S. McClain and T. L. Cover, unpublished observations). Several laboratories have successfully expressed functional VacA in transiently transfected tissue culture cells (9, 10, 12, 29, 30) , but this approach does not allow the study of interactions between the toxin and the eukaryotic cell surface. Due to the limitations of the currently available systems, only a small number of inactive VacA mutant proteins have been characterized thus far.
The goal of the present study was to develop methodology that would permit a functionally active form of VacA to be expressed in E. coli. H. pylori VacA is the product of a single gene that encodes a 140-kDa precursor protein (5, 8) . In H. pylori, this precursor protein is proteolytically processed to yield the mature secreted 88-kDa toxin (8, 22) . Upon removal of the amino-terminal signal sequence, the mature VacA toxin contains an alanine as the amino-terminal amino acid. To express the mature VacA toxin in E. coli, a methionine must be present at the amino terminus in order to support initiation of translation. Previous studies have reported that several mutations near the VacA amino terminus result in ablation of toxin activity (10, 18, 25, 29, 30) , and therefore the introduction of a methionine at this site could potentially abolish toxin activity. Based on these considerations, we first examined whether VacA expressed in H. pylori would be active if the first amino acid of the mature toxin was changed from alanine to methionine.
A 142-bp region from plasmid pA176 (containing an ϳ3-kb portion of vacA in which a StuI site was introduced between codons 12 and 13) (18) was amplified by PCR using oligonucleotide primers AN5012 (5Ј-GGCTGCAGGAAAAGA AATGGAAATACAACAAAC) and AND3133 (5Ј-TGGAAT GATCACGGTTGTAAAAAACATTGCATGACTTTGTTG CGG). The underlined nucleotides represent mutations relative to the wild-type vacA sequence to introduce a methionine codon and a BsrDI restriction site. The PCR product was digested with restriction enzymes StuI and BclI and ligated to StuI-and BclI-digested pA176 (18) . The resulting plasmid, pMM589, was transformed into H. pylori strain VM022 (25) . Transformants in which the sacB-kan cassette of VM022 was replaced by sequences containing the vacA-A1M mutation were selected by growth on plates containing 5.5% sucrose as described previously (3, 18, 25) . The presence of the vacA-A1M mutation in one transformant, H. pylori VM085, was confirmed by PCR followed by digestion with the restriction enzyme BsrDI. H. pylori strain VM085 produced and secreted a VacA toxin (VacA-A1M) of the same apparent size as wildtype VacA as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, suggesting that the signal sequence was removed from the VacA-A1M protein as expected (data not shown). Addition of VacA-A1M to HeLa cells revealed that this toxin exhibited vacuolating activity indistinguishable from the activity of wild-type toxin (data not shown). This experiment indicated that the VacA-A1M substitution has no detectable effect on toxin activity.
To clone vacA in E. coli, a vacA fragment encoding the mature VacA toxin (amino acids 1 to 821, including the A1M substitution) was amplified by PCR from H. pylori strain 60190 by using oligonucleotide primers BA9146 (5Ј-CCCACTAGT AAGAGGAGACGCCATGTTTTTTACAACCGTG) and C7915 (5Ј-GGCTGCAGCTAAGCGTAGCTAGCGAAACG). The resulting PCR product was digested with SpeI and PstI (indicated by the underlined sequences) and ligated to XbaIand PstI-digested pET-41b (conferring kanamycin resistance; Novagen) to create plasmid pMM592. Analysis of the vacA insert in pMM592 indicated that its nucleotide sequence was identical to that of vacA from H. pylori strain 60190, except for the A1M mutation. The plasmid was then transformed into E. coli strain ER2566 (New England Biolabs), which encodes an IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible copy of the RNA polymerase gene from bacteriophage T7. Transformants were grown at 25°C overnight with shaking in Terrific broth (TB; 12 g of tryptone, 24 g of yeast extract, 4 ml of glycerol, 2.31 g of KH 2 PO 4 , and 12.54 g of K 2 HPO 4 per liter) supplemented with 25 g of kanamycin/ml (TB-KAN). Overnight cultures were diluted 1 to 100 in fresh TB-KAN and grown at 25°C for 4 h (to an optical density at 600 nm of 0.2 to 0.4). IPTG then was added to a final concentration of 250 M, and growth continued for 20 h at 25°C.
To prepare bacterial soluble extracts, the IPTG-induced cultures were pelleted and then resuspended in phosphate-buffered saline (PBS) containing 100 g of egg white lysozyme per ml and a bacterial protease inhibitor cocktail (Sigma). The bacterial suspensions were incubated on ice for 15 min and then sonicated for two 10-s bursts at 4 W on ice. The sonicated suspensions were frozen in a methanol-dry ice bath and then thawed at 37°C. The sonication and freeze-thaw cycles were repeated two or three additional times as needed. Insoluble debris was pelleted, and the supernatant was filtered through a 0.22-m-pore-size filter. Extracts were used immediately or stored at Ϫ20°C. Immunoblot analysis using anti-VacA antisera revealed the inducible expression of an immunoreactive protein (data not shown), and a significant portion of the immunoreactive protein was detected in the soluble fraction (Fig. 1A) .
Interestingly, the immunoreactive VacA protein in E. coli soluble extracts appeared somewhat smaller than the 88-kDa VacA protein from H. pylori strain 60190 (Fig. 1A) . Based on amino-terminal amino acid sequencing and matrix-assisted laser desorption ionization-time of flight mass-spectrometric analysis, the mature VacA toxin purified from H. pylori strain 60190 is predicted to consist of 821 amino acids (8, 22) . DNA sequence analysis of the plasmid encoding recombinant VacA (pMM592) indicates that the cloned vacA gene also is expected to encode a protein with 821 amino acids. The only expected difference between the VacA protein expressed in H. pylori and the VacA protein expressed in E. coli is the substitution of methionine for alanine at the first amino acid position. This leads us to suggest that VacA may be posttranslationally modified in E. coli. One possibility is that there may be proteolytic truncation at the carboxyl-terminal end of the recombinant VacA produced in E. coli.
To determine whether the recombinant VacA exhibits biological activity, soluble extracts from induced cultures expressing VacA or from induced cultures transformed with the pET41b vector alone were added to HeLa cells. HeLa cells were cultured in minimum essential medium (MEM; ICN Pharmaceuticals) containing 10% fetal bovine serum. Soluble extract from E. coli or VacA purified from H. pylori (6, 19) was added to HeLa cell monolayers in MEM containing 5 mM ammonium chloride. Medium overlying the cells was routinely removed after 1 h and replaced with fresh MEM containing 5 mM ammonium chloride to limit the development of an uncharacterized precipitate on the cell monolayers treated with recombinant VacA. Plates were incubated at 37°C in ambient air containing 5% CO 2 for at least 2 h, until vacuoles developed. In contrast to VacA preparations purified from H. pylori broth culture supernatants, which were routinely acid activated prior to the addition of these preparations to HeLa cell monolayers (11) VacA avidly sequestered neutral red dye, which allowed vacuolation to be quantified based on neutral red dye uptake ( Fig.  1B) To further establish that the vacuolating activity in soluble extracts containing VacA-A1M was not due to some unidentified E. coli protein, we studied the ability of the mutant toxin VacA-⌬(6-27) to specifically inhibit the observed vacuolating activity. When isolated from H. pylori, VacA-⌬(6-27) lacks detectable vacuolating activity, and it exhibits a dominantnegative phenotype when added in combination with wild-type VacA to cells (25) . Experimental evidence suggests that the dominant-negative effect is mediated by the formation of mixed oligomeric complexes containing both wild-type and mutant toxins (18, 25) . We hypothesized, therefore, that if the vacuoles observed following addition of the VacA-A1M-containing extracts were due to the recombinant VacA, a mixture of recombinant VacA and VacA-⌬(6-27) purified from H. pylori would fail to induce vacuolation. Soluble extract from E. coli ER2566(pMM592) was mixed with purified, acid-activated VacA-⌬(6-27) from H. pylori strain AV452, and the mixed toxins were added to HeLa cell monolayers. The VacA-⌬(6-27) toxin purified from H. pylori was able to inhibit the vacuolating activity present in a soluble extract of E. coli ER2566 (pMM592) (Fig. 2) , indicating that the vacuolating activity observed in the extract was indeed due to recombinant VacA.
Expression of a functional recombinant VacA protein offers many opportunities for efficient construction and analysis of mutant toxins. As a first step in testing whether mutant toxins can be produced and analyzed in the recombinant expression system, we cloned, sequenced, and expressed in E. coli a recombinant form of the mutant VacA-⌬(6-27). We chose to express this mutant form specifically because of the dominantnegative phenotype associated with the VacA-⌬(6-27) toxin. Plasmid pMM601, containing DNA corresponding to the mature portion of the VacA-⌬(6-27) mutant toxin, was created by PCR amplification of the relevant vacA fragment from H. pylori strain AV452 (25) and subsequent cloning as described above for plasmid pMM592. E. coli containing plasmid pMM601 expressed an immunoreactive protein in the soluble fraction (Fig. 3A) . Soluble extracts containing VacA-[A1M, ⌬(6-27)] did not induce detectable vacuolation when added to HeLa cells (Fig. 3B) . Importantly, E. coli extracts containing VacA-[A1M, ⌬(6-27)] exhibited a dominant-negative phenotype when added to HeLa cells in combination with wild-type VacA purified from H. pylori 60190 (Fig. 3C) or VacA-A1M-containing E. coli extracts (data not shown). No inhibitory activity was detected in soluble extracts of E. coli transformed with the pET-41b vector control (Fig. 3C) . These results demonstrate that a mutant VacA toxin can be produced recombinantly and that it exhibits properties very similar to those observed with the corresponding mutant toxin purified from H. pylori broth culture supernatant (25) .
Having demonstrated the successful recombinant expression of a particular mutant toxin and having characterized it phenotypically, we proceeded to perform random mutagenesis of vacA. To do this, we subjected the VacA-A1M-encoding plasmid, pMM592, to pentapeptide scanning mutagenesis (13, 14) . Plasmid pMM592 was subjected to random mutagenesis by using the transposon donor pGPS4 (GPS-LS linker-scanning system; New England Biolabs) according to the manufacturer's instructions. The transposon carries the cat gene (conferring chloramphenicol resistance) flanked by PmeI restriction sites. Plasmids containing transposon inserts were selected on LuriaBertani agar plates supplemented with 25 g of kanamycin and 20 g of chloramphenicol per ml. This procedure generated a library of 195 transposon insertions. If the transposon insertions were random, this library would be predicted to contain approximately one transposon insertion for every 31 bp. The library was pooled, plasmid DNA was extracted, and the bulk of the transposon was excised by digesting the plasmid DNA with the restriction enzyme PmeI. Following digestion with PmeI and ligation, each plasmid was expected to contain a 15-bp insert specifying one of three possible amino acid sequences (CLNXX, XFKQX, or XFKHX, where the amino acid indicated by X depends on the sequence flanking the site of insertion) or a stop codon. The ligated plasmid pool then was transformed into the expression strain ER2566 to yield an expanded library of 371 colonies. Each colony was inoculated into 100 l of TB-KAN in a well of a standard 96-well plate, and the plates were incubated with shaking at 25°C for 16 h.
To assess the distribution of transposon insertions in vacA, 36 clones were selected at random from the expanded library in E. coli strain ER2566 and the sites of transposon insertion were mapped by PCR amplification of the vacA gene and (Fig. 4A) . We conclude from this analysis that the transposon, as expected, inserted throughout the entire length of vacA. Three of the inserts (Fig.  4A ) introduced nonsense mutations. Colonies representing the remaining nine inserts in vacA were cultured and lysed as described above to produce recombinant VacA proteins. Extracts from eight of the nine clones induced vacuolation when added to HeLa cells; extract from the clone containing an insertion after amino acid 210 did not induce vacuolation (data not shown).
To identify additional pentapeptide insertion sites that inactivate the VacA toxin, all 371 individual colonies (including the 36 colonies analyzed as described above) from the cultured, expanded library were diluted 1 to 100 into 1 ml of TB-KAN in the wells of a 96-well deep-well dish. The deepwell dishes were incubated at 25°C with shaking for 4 h, and then VacA expression was induced by addition of IPTG. Induced cultures were pelleted and lysed directly in the deep-well dishes. IPTG-induced cultures were pelleted, washed in 0.9% NaCl, and resuspended in a solution (25 l per ml of starting culture) that contained 10 mM Tris (pH 7.5), 100 mM NaCl, 1 mM EDTA, protease inhibitors (Complete Mini; Roche), and 20,000 U of ReadyLyse lysozyme (Epicentre) per ml. Bacteria were incubated at room temperature for 15 min with periodic mixing, after which a solution (75 l per ml of starting culture) containing 50 mM Tris (pH 8.0), 2.67 mM MgCl 2 , and 67 U of Benzonase nuclease (Novagen) per ml was added. Samples were mixed briefly and subjected to four successive rounds of freezing (in a dry ice-methanol bath) and thawing at 37°C. The insoluble debris was pelleted, and the supernatants were used immediately or stored at Ϫ20°C.
To test the soluble extracts for vacuolating activity, an aliquot from each extract was added to the medium overlying HeLa cells. Vacuolation of HeLa cells was assessed by microscopic inspection. Based on this analysis, soluble extracts from 264 of the 371 colonies induced vacuolation of HeLa cells. In contrast, extracts from 107 of the 371 colonies induced either no detectable vacuolation or markedly less vacuolation than did extracts (prepared in a similar manner) from E. coli expressing wild-type VacA. Mutants that failed to induce HeLa cell vacuolation were studied further by immunoblotting to determine whether they each expressed a full-length toxin and whether these mutants these mutants reduced the stability of the recombinant VacA protein (making the protein more susceptible to degradation by E. coli), altered the folding of the recombinant protein (thereby reducing its abundance in the soluble fraction following cell lysis), or introduced nonsense mutations. We note that minimal efforts were made to control the growth state at which the cultures were induced in the high-throughput analysis, and it is possible that the growth state plays a role in the amount of VacA produced. Mutants that expressed either markedly reduced amounts of VacA or truncated forms of VacA were not studied further. The remaining 15 mutants, producing very low or undetectable levels of vacuolating activity but expressing high levels of full-length VacA, were characterized in greater detail. Plasmids were isolated from these 15 mutants, and the mutations were mapped by restriction endonuclease and DNA sequence analyses. Among these 15 mutants, six different sites of transposon insertion were identified (Fig. 4A) . Thus, a small subset of mutants was reproducibly identified in the screening process.
To study further the six unique insertions that inactivated VacA, a single mutant clone representing each site of insertion was cultured and fresh soluble extracts were prepared. An antigen detection enzyme-linked immunosorbent assay using anti-VacA antiserum was used to determine the relative amount of recombinant VacA in each extract (5, 25) . VacAcontaining samples were diluted in carbonate buffer (15 mM sodium carbonate and 35 mM sodium bicarbonate, pH 9.6) and adsorbed to the wells of a microtiter dish at 25°C overnight. Nonspecific protein binding sites were blocked by discarding the supernatant and filling the wells with PBS containing 0.05% Tween 20 and 0.1% bovine serum albumin. Plates were incubated for 3 h at 37°C and then washed three times with deionized water. Anti-VacA rabbit serum was added to each well in PBS containing 0.05% Tween 20, and the plates were incubated at 37°C for 1 h and then washed five times with deionized water. Secondary antibodies (goat anti-rabbit immunoglobulin G conjugated to horseradish peroxidase) were then added in PBS containing 0.05% Tween 20, and the plates were incubated at 37°C for 1 h and then washed five times with deionized water. Substrate (3,3Ј,5,5Ј-tetramethylbenzidine; Pierce) was added, and color development was quantified at 450 nm with an MRX microplate reader (Dynatech) after stopping development with 2 N H 2 SO 4 . Equivalent amounts of each recombinant VacA toxin were added to HeLa cell monolayers, and vacuolation was assessed microscopically and quantified by a neutral red dye uptake assay (Fig. 4B) . As expected, each of the six mutant toxins exhibited significantly decreased vacuolating activity in comparison to wild-type recombinant VacA. In contrast to certain previously characterized mutant toxins that exhibited a dominant-negative phenotype (18, 25) , none of the six inactive mutants exhibited a dominant-negative phenotype when mixed with soluble extracts expressing active wild-type VacA (data not shown). The reasons why certain mutants inhibit the vacuolating activity of wild-type VacA whereas other mutants do not exhibit an inhibitory phenotype remain to be determined.
This study demonstrates for the first time that a functionally active H. pylori vacuolating cytotoxin can be expressed in E. coli. Several previous studies have reported expression of fulllength VacA in E. coli, but these recombinant toxins did not possess detectable vacuolating activity (15, 17, 26, 27) . Notably, in each of these previous studies, the amino acid sequence at the amino-terminal end of the recombinant VacA was altered relative to that of VacA secreted by H. pylori. The aminoterminal addition of either a six-His tag (15, 17) or a glycineserine dipeptide (26, 27) may account for the lack of activity observed in previous studies.
Despite many years of research in multiple laboratories, only a small number of inactive mutant VacA proteins have been characterized previously (10, 18, 25, (28) (29) (30) . Some of the previously described inactive mutant VacA proteins contain large were standardized so that they contained equal amounts of VacA and then were added to the medium overlying HeLa cells. As controls, extracts from ER2566(pMM592) (containing VacA-A1M with no mutations) or ER2566(pET-41b) were standardized by protein concentration and added to cells. Vacuolating activity was measured by a neutral red dye uptake assay. Results represent the means and standard deviations from quadruplicate samples and are expressed as the percentages of neutral red dye uptake relative to that for control cells treated with extract from ER2566 containing plasmid pMM592. (10, 18, 25, 29, 30) . The amino-terminal region of VacA (amino acids 1 to 32) is predicted to be highly hydrophobic and plays a role in the formation of anion-selective channels (18, 25) . The pentapeptide insertion after amino acid 12 in the present study maps to this hydrophobic region, and we are therefore not surprised that this insertion inactivates VacA. VacA activity is likely to depend on the ability of the toxin to bind to cells, to form oligomeric complexes, to be internalized by cells, to form anion-selective channels, and perhaps to carry out enzymatic functions that have yet to be identified. The inactive mutants identified in the present study may be defective in one or more of these steps. The successful expression of active, recombinant VacA and the ability to use this heterologous expression system to characterize vacA mutants should aid many new studies of this H. pylori virulence factor. Further investigations using this system are likely to provide new insights into the structure and mechanism of action of the VacA toxin.
